

























The measurement of oxygen isotope composition of 
dissolved inorganic phosphate in seawater and its 
application on tracing phosphorus cycle in the Jiulong River 





专  业   名  称：海 洋 化 学 
论文提交日期：2013 年 9 月 
论文答辩时间：2013 年 9 月 












































































（  ）1.经厦门大学保密委员会审查核定的保密学位论文，于  
年 月 日解密，解密后适用上述授权。 




































摘  要 ......................................................................................................... 1 
Abstract ....................................................................................................... 2 
第一章 绪论............................................................................................... 4 
1.1 磷的概况.......................................................................................................... 4 
1.1.1 磷的性质和研究意义........................................................................... 4 
1.1.2 磷循环简述........................................................................................... 6 
1.1.3 海洋磷的收支状况............................................................................... 7 
1.2 磷酸盐氧同位素在磷循环中的应用............................................................ 10 
1.3 磷酸盐的富集、分离、提纯技术................................................................ 14 
1.3.1 Colman 的方法 ................................................................................... 14 
1.3.2 Liang 的方法 ...................................................................................... 15 
1.3.3 MgLaughlin 的方法............................................................................ 14 
1.3.4 卢阳阳的方法..................................................................................... 16 
1.4 磷酸盐氧同位素的测定方法........................................................................ 16 
1.4.1 H2O-CO2 平衡法................................................................................. 16 
1.4.2 氟化法................................................................................................. 16 
1.4.3 高温裂解法......................................................................................... 17 
1.5 本研究的目标和主要内容............................................................................ 17 
1.5.1 研究目标............................................................................................. 17 
1.5.2 本研究的主要内容............................................................................. 17 
第二章 水体中溶解磷酸盐的富集、分离、提纯技术 ........................ 18 
2.1 前言................................................................................................................ 18 
2.2 实验部分........................................................................................................ 18 















2.2.2 实验方法............................................................................................. 19 
2.3 结果与讨论.................................................................................................... 25 
2.3.1 磷酸盐的回收率................................................................................. 25 
2.3.2 有机质的去除效果............................................................................. 31 
2.3.3 实验流程对磷酸盐氧同位素的影响................................................. 32 
2.4 本章小结........................................................................................................ 36 
第三章 TC/EA-IRMS 测定磷酸银氧同位素组成 ................................ 37 
3.1 前言................................................................................................................ 37 
3.2 实验仪器与原理............................................................................................ 37 
3.2.1 主要仪器与试剂................................................................................. 37 
3.2.2 分析测试原理..................................................................................... 38 
3.3 测量条件........................................................................................................ 38 
3.3.1 反应管裂解温度条件......................................................................... 38 
3.3.2 样品量的影响..................................................................................... 41 
3.4 优化测试条件下 Ag3PO4 测量精密度 ......................................................... 44 
3.5 本章小结........................................................................................................ 44 
第四章 九龙江河口溶解磷酸盐的氧同位素组成 ................................ 47 
4.1 前言................................................................................................................ 47 
4.2 研究方法........................................................................................................ 48 
4.2.1 样品的采集与处理............................................................................. 48 
4.2.2 磷酸盐氧同位素的测定..................................................................... 49 
4.2.3 水的氧同位素的测定......................................................................... 49 
4.3 结果与讨论.................................................................................................... 51 
4.4 本章小结........................................................................................................ 53 















5.1 前言................................................................................................................ 54 
5.2 样品的采集与处理........................................................................................ 54 
5.3 结果................................................................................................................ 58 
5.3.1 水文特征............................................................................................. 58 
5.3.2 营养盐的分布特征............................................................................. 58 
5.3.3 表层水中磷酸盐氧同位素组成的分布特征..................................... 60 
5.3.4 台湾海峡水体磷酸盐氧同位素组成的垂直分布............................. 60 
5.4 讨论................................................................................................................ 60 
5.4.1 台湾海峡表层水中磷酸盐氧同位素组成......................................... 60 
5.4.2 台湾海峡磷酸盐氧同位素的垂直变化............................................. 61 
5.5 本章小结........................................................................................................ 62 
第六章 结论与展望 ................................................................................ 63 
6.1 结论................................................................................................................ 60 
6.1.1 溶解磷酸盐的富集、分离、提纯技术............................................. 63 
6.1.2 TC/EA-IRMS 测定磷酸银的氧同位素组成 .................................... 63 
6.1.3 九龙江溶解磷酸盐的氧同位素组成................................................. 63 
6.1.4 台湾海峡溶解磷酸盐的氧同位素组成............................................. 64 
6.2 存在的不足和展望........................................................................................ 64 
参考文献 ................................................................................................... 65 
附  录 ....................................................................................................... 65 

































Abstract in Chinese ................................................................................... 1 
Abstract in English ................................................................................... 2 
Chapter 1 Introduction ............................................................................ 4 
1.1 Outline about phosphorus ............................................................................. 4 
1.1.1 Property and significance of phosphorus .............................................. 4 
1.1.2 Brief depiction of phosphorus cycle ..................................................... 6 
1.1.3 Phosphorus budgets in the ocean .......................................................... 7 
1.2 The application of oxygen isotope of phosphate in the phosphorus cycle10 
1.3 Review of the technology of enrichment, separation and purification of 
dissolved phosphate in seawater ............................................................... 14 
1.3.1 Colman’s method ................................................................................ 14 
1.3.2 Liang’s method.................................................................................... 15 
1.3.3 McLaughlin’s method ......................................................................... 14 
1.3.4 Lu’s method ........................................................................................ 16 
1.4 Methods of analysis oxygen isotope of dissolved phosphate .................... 16 
1.4.1 H2O-CO2 equilibrated method ............................................................ 16 
1.4.2 Fluorination ......................................................................................... 16 
1.4.3 Thermal decomposition ...................................................................... 17 
1.5 Objectives and contents of this research .................................................... 17 
1.5.1 Research objectives ............................................................................. 17 
1.5.2 Research contents................................................................................ 17 
Chapter 2 The technology of enrichment, separation and 
purification of dissolved phosphate in seawater ....... 18 
2.1 Introduction .................................................................................................. 18 
2.2 Experimentation ........................................................................................... 18 
2.2.1 Instruments and reagents..................................................................... 18 















2.3 Results and discussion ................................................................................. 25 
2.3.1 Recovery ............................................................................................. 25 
2.3.2 The removal efficiency of the organic matter ..................................... 31 
2.3.3 The impacts of experimental processes .............................................. 32 
2.4 Conclusions ................................................................................................... 36 
Chapter 3 Determination of phosphate oxygen isotope composition 
by TC/EA-IRMS  ................................................................. 37 
3.1 Introduction .................................................................................................. 37 
3.2 Experimental apparatus and principles..................................................... 37 
3.2.1 Instruments and reagents..................................................................... 37 
3.2.2 Principles............................................................................................. 38 
3.3 Measurement conditions ............................................................................. 38 
3.3.1 Temperature conditions of reaction tube ............................................. 38 
3.3.2 Sample mass........................................................................................ 41 
3.4 Precision of Ag3PO4 measurement under the Optimized condition ........ 44 
3.5 Conclusions ................................................................................................... 44 
Chapter 4 Oxygen isotope of phosphate in Jiulong River estuary ..... 47 
4.1 Introduction .................................................................................................. 47 
4.2 Methods ......................................................................................................... 48 
4.2.1 Sampling and analysis......................................................................... 48 
4.2.2 δ18OP determination ............................................................................ 49 
4.2.3 δ18OW determination ........................................................................... 49 
4.3 Results and discussion ................................................................................. 51 
4.4 Conclusions ................................................................................................... 53 
Chapter 5 Oxygen isotope of phosphate in Taiwan Strait .................. 54 
5.1 Introduction .................................................................................................. 54 
5.2 Sampling approach and sample analyses .................................................. 54 















5.3.1 Hydrography ....................................................................................... 58 
5.3.2 Nutrients .............................................................................................. 58 
5.3.3 Phosphate oxygen isotopic composition in surface water .................. 60 
5.3.4 Vertical profiles of phosphate oxygen isotopic composition .............. 60 
5.4 Discussion...................................................................................................... 60 
5.4.1 Phosphate oxygen isotopic composition in surface water .................. 60 
5.4.2 Vertical profiles of phosphate oxygen isotopic composition .............. 61 
5.5 Conclusions ................................................................................................... 62 
Chapter 6 Summary and prospects....................................................... 63 
6.1 Summary ....................................................................................................... 62 
6.1.1 The technology of enrichment, separation and purification of 
dissolved phosphate in seawater ...................................................... 63 
6.1.2 Determination of phosphate oxygen isotope composition by 
TC/EA-IRMS ..................................................................................... 63 
6.1.3 Oxygen isotope of phosphate in Jiulong River estuary ...................... 63 
6.1.4 Oxygen isotope of phosphate in Taiwan Strait ................................... 64 
6.2 Unsolved problems and prospects .............................................................. 64 
References ................................................................................................ 65 
Appendix .................................................................................................. 65 



























摘  要 
1 
















磷，CePO4 沉淀排除溶解盐分，通过 AG1-X8 阴离子树脂除溶解有机质（DOM），
对于 DOM 含量高的样品在 Mg(OH)2-PO4 溶解后要先过 XAD-2 大孔树脂除大分
子 DOM，而磷浓度低的样品在过完阴离子树脂后还需要通过冷冻干燥进一步浓
缩样品的体积，最后将 DIP 转化成 Ag3PO4 由质谱-元素分析仪（TC/EA-IRMS）




用。而台湾海峡表层水中 DIP 浓度较低，δ18OP 随 DIP 浓度增加而增大。认为在
磷限制情况下，DIP 浓度越低，生物水解的 DOP 就越多，δ18OP 就越低，此外在
台湾海峡 δ18OP 随水深的增加而逐渐增大，但都低于平衡值，且浅层较深层偏离
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